Abstract. We describe an experiment in which the quadratures of the position of an harmonically-bound mirror are observed at the attometer level. We have studied the Brownian motion of the mirror, both in the free regime and in the cold-damped regime when an external viscous force is applied by radiation pressure. We have also studied the thermal-noise squeezing when the external force is parametrically modulated. We have observed both the 50% theoretical limit of squeezing at low gain and the parametric oscillation of the mirror for a large gain. 
Introduction
Optomechanical coupling, that is the cross-coupling between the motion of a mirror and a laser field reflected upon it, first appeared in the context of interferometric gravitational-wave detection [1, 2] with the existence of the so-called Standard Quantum Limit [3] [4] [5] . The unique sensitivity of interferometric techniques has since then been used for other high-sensitivity measurements, such as AFM [6] or optical transducers [7, 8] . The field has recently encountered much attention and has gained a life of its own in the quantum optics community: several schemes involving a cavity with a movable mirror have been proposed either to create non-classical states of both the radiation field [9, 10] and of the motion of the mirror [11] [12] [13] , or to perform QND measurements [14] . Recent progress in low-noise laser sources and low-loss mirrors have made the field experimentally accessible [15] [16] [17] .
A recent trend in quantum optics is to fully reconstruct the quantum state of either a mode of the radiation field through the quantum tomography technique [18, 19] or a trapped atom [20] , but to our knowledge, no such experiment has yet been performed at the quantum level on a mechanical oscillator.
In this paper, we present an experiment which completes the analysis of the motion of a plano-convex mirror given in [15, 16, 21] , reconstructing the phase-space distribution of the motion through the simultaneous classical The technique is applied to a variety of states of motion: Brownian motion and its cold-damped and squeezed counterparts.
In Section 2 we present the experimental setup used to monitor the motion of the mirror and we describe how the motion in phase-space can be reconstructed. In Section 3 we consider the case of a free mirror at thermal equilibrium and we compare our experimental results to predictions of the fluctuations-dissipation theorem [22] . The experimental setup has also been modified to include an external viscous force applied to the mirror, and a similar analysis is given in Section 4 in the corresponding case of the cold-damped regime. Our results demonstrate that a new equilibrium is obtained with a reduction of thermal noise.
In Section 5 we present an experiment of parametric amplification of the thermal noise [23] , below the oscillation threshold. The experimental setup is modified in order to modulate the strength of the viscous force, and squeezing of the thermal noise has been observed. The observation of parametric oscillations of the mirror is finally described in Section 6.
Evolution in phase-space
The mirror motion is monitored by an optomechanical displacement sensor. It relies on the sensitivity of the phase of a reflected light beam to mirror displacements. Monitoring such a phase-shift allows to reconstruct the dynamical evolution of the mirror. This phase-shift can be induced by various kinds of mirror motions, either external [17, 24] or internal [15, 25, 26] . The former is important for suspended mirrors since the excitation of pendulum modes The European Physical Journal D of the suspension system leads to global displacements of the mirror. The latter corresponds to deformations of the mirror surface due to the excitation of internal acoustic modes of the substrate. These various degrees of freedom have however different resonance frequencies and one can select the mechanical response of a particular mode by using a bandpass filter.
In our experiment we detect only frequencies around the fundamental acoustic resonance of the mirror so that the mechanical response is mainly ruled by the behaviour of this particular internal mode. The mirror motion can then be approximated as the one of a single harmonic oscillator characterized by its resonance frequency Ω M , its quality factor Q, and its mass M . This mass actually corresponds to an effective mass which describes the effective motion of the mirror as seen by the light, that is the deformation of the mirror surface averaged over the beam spot [25] [26] [27] .
The temporal evolution of the mirror position x (t) is given by linear response theory [28] . Assuming that a force F is applied to the mirror, the displacement x [Ω] in Fourier space at frequency Ω is related to the force by
where χ [Ω] is the mechanical susceptibility of the mirror. For a viscously-damped harmonic oscillator it has a Lorentzian behaviour given by
where Γ = Ω M /Q is the damping rate [29] . Depending on the nature of the applied force F , the spectrum of the mirror motion will typically be peaked around the mechanical resonance frequency Ω M over a frequency span Γ , which is much smaller than Ω M for a high-Q harmonic oscillator. To study the temporal evolution of the motion in phase-space, it is preferable to describe the motion in the rotating frame in order to remove the intrinsic oscillatory dependence with time. This leads to the two quadratures X 1 and X 2 , defined by
This equation yields the expression of the two quadratures in Fourier space,
Quadratures X 1 (t) and X 2 (t) vary very slowly with time (over a 1/Γ timescale), and ω which represents the frequency mismatch Ω − Ω M between the analysis frequency and the mechanical resonance frequency is always considered small as compared to Ω M . Expressions of the quadratures in presence of an applied force can be derived from equation (1) initions of X 1 [ω] and X 2 [ω]. We find after simplification,
where we have introduced the two quadratures F 1 and F 2 of the applied force, defined in Fourier space by similar expressions as for X 1 and X 2 (Eqs. (4, 5)). Both position quadratures have a Lorentzian response centered at zero frequency and of width Γ . The harmonic oscillator we consider throughout the paper is the high-Q fundamental acoustic mode of a mirror coated on a plano-convex resonator made of fused silica. The resonator is 1.5 mm thick at the center with a diameter of 14 mm and a curvature radius of the convex side of 100 mm. Such dimensions lead to a resonance frequency of the fundamental mode of the order of 2 MHz. The oscillator's parameters have the following values [15] , Ω M = 2π × 1 859 kHz, M = 230 mg, Q = 44 000. (8) The mirror coated on the flat side of the resonator is used as the end mirror of a single-ended Fabry-Perot cavity with a Newport high-finesse SuperMirror as input mirror (Fig. 1) . The whole provides a 1 mm-long cavity with an optical finesse F = 37 000. The light beam entering the cavity is provided by a frequency-stabilized titanesapphire laser working at λ = 810 nm. The light beam is also intensity-stabilized and spatially filtered by a mode cleaner.
Near an optical resonance of the cavity the intracavity intensity shows an Airy peak when the cavity length is scanned through the resonance, and the phase of the reflected field is shifted by 2π. The slope of this phaseshift strongly depends on the cavity finesse and for a displacement δx of the end mirror one gets at resonance a phase-shift δϕ on the order of
